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In adult tissues, an exquisite balance exists between stem cell proliferation and the generation of
differentiated offspring. Classically, it has been argued that this balance is obtained at the level
of a single stem cell, which divides strictly into a new stem cell and a progenitor. However, recent
evidence suggests that balance can also be achieved at the level of the stem cell population. Some
stem cells might be lost due to differentiation or damage, whereas others divide symmetrically to fill
this gap. Here, we consider the general strategies for stemcell self-renewal and review the evidence
for stochastic stem cell fate in adult tissues across a range of tissue types and organisms.Introduction
Stem cells are defined by their ability to generate multiple differ-
entiated cell types, either directly or through a series of terminal
divisions, while retaining the capacity to self-replicate (Simino-
vitch et al., 1963). This ability to self-renew sets stem cells apart
from their more differentiated progenitor cell progeny. To avoid
aberrant growth or tissue loss, the balance between stem cell
proliferation and differentiation must be perfect. Resolving the
mechanisms that regulate this balance will address one of the
defining questions in adult stem cell biology.
Adult stem cells are ubiquitous in multicellular organisms, but
they have been difficult to identify unambiguously. Histological
methods can only rarely discriminate them from their immediate
undifferentiated progenitor cell progeny. As a result, efforts
have focused on the identification of stem cell-specific molec-
ular markers. Unfortunately, unique markers are rare and,
when found, are frequently not linked to function. In cases
where levels of gene expression fluctuate, molecular markers
may identify only a subpopulation of a larger stem cell pool.
Moreover, in cycling tissues, stem cells have to function in
a dynamic and noisy environment. Because methods reliant
on immunohistochemistry provide a ‘‘snapshot’’ that affords
only limited access to information on kinetics, there is
increasing emphasis on developing novel experimental charac-
terizations of stem cell function based on phenotypic behavior
over time.
Alongside self-renewal and multipotency, stem cell potential
is frequently associated with quiescence (Orford and Scadden,
2008). Label-retaining assays, involving the incorporation of
DNA analogs such as bromodeoxyuridine (BrdU) and tritiated
thymidine during S phase, or the pulse labeling of chromatin
using transgenically expressed EGFP-tagged histone 2B (H2B-
EGFP), have been used to identify stem cell populations in hair
follicle (Tumbar et al., 2004), intestine (Potten et al., 1974), and
bonemarrow (Wilson et al., 2008). However, in many self-renew-ing tissues, stem cells undergo frequent division, suggesting
that quiescence is not a necessary prerequisite of stem cell
potential.
Tissue culture assays provide a potentially versatile arena to
address stem cell fate characteristics. By further correlating
fate choicewith evolving patterns of gene expression, such tech-
niques promise access to fundamental new insights into mech-
anisms of stem cell regulation (Schroeder, 2008). However, in
tissue, stem cell fate is usually strongly influenced by extrinsic
factors associated with the environment—the ‘‘niche.’’ As
a result, it is usually unclear to what extent in vitro behavior
can be extrapolated to the tissue context. Currently, noninvasive
measurements of cell fate dynamics in living vertebrate tissues
remain highly challenging, if not infeasible.
There is, however, one approach inwhich dynamic information
can be inferred in vivo. Methods of inducible genetic labeling
provide access to lineage-tracing measurements, from which
the fate of an ensemble of labeled cells and their progeny
(clones) can be tracked over time. Although such ‘‘static’’
measurements do not (typically) allow for the reconstruction of
individual lineage trees, the behavior of the statistical ensemble
of clones can be sufficient to recover rigorous information on the
dynamics of stem cell fate (Klein and Simons, 2011).
Inducible genetic labeling studies have been achieved in
a variety of ways (e.g., Fox et al., 2009; Snippert and Clevers,
2011; Fuchs and Horsley, 2011). In an early approach, the inac-
tivation of the Dlb-1 locus by random mutagenesis allowed
single-cell-derived clones to be defined in the small intestine of
mouse (Winton et al., 1988). A second approach involves the
infection by lentiviral or retroviral vectors to genetically label
a defined cell population in transplantation assays (Jordan and
Lemischka, 1990). Although such approaches provide access
to long-term clonal evolution, both have drawbacks. Genetic
modifications can occur in any cell type and, thus, the cell of
clonal origin is left unspecified. More significantly, in both cases,Cell 145, June 10, 2011 ª2011 Elsevier Inc. 851
the induction protocol relies upon tissue damage or stress,
making measurements potentially perturbative.
In recent years, new technologies have emerged that allow for
potentially nonperturbative measurements of clonal evolution,
with a high specificity. In vertebrates, the method relies upon
the development of a transgenic system in which Cre-recombi-
nase can be expressed or activated in a drug-inducible
dose-dependent manner (Sauer, 1998). When crossed with
a Cre-reporter mouse, such as R26R (Soriano, 1999), the acti-
vated Cre can excise a transcriptional roadblock in front of
a reporter gene, leading to irreversible genetic marking of the
Cre-expressing cell and its progeny. InDrosophila, similar induc-
ible genetic labeling methods have been designed that exploit
the binary GAL4/UAS system from yeast (Brand and Perrimon,
1993) or rely upon mitotic recombination following transient
expression of FLP recombinase under the control of a heat-
shock-inducible promoter (Harrison and Perrimon, 1993). These
methods allow information to be acquired on longevity, clonal
growth kinetics, and lineage potential of the induced cell popula-
tion. When combined with expression profiles of lineage-specific
molecular markers, such approaches reveal patterns of adult
stem cell behavior in self-renewing organs.
By summarizing recent experimental findings from a range of
tissue types, and across different organisms, this Review details
how long-term lineage-tracing studies are beginning to provide
new insights into adult stem cell behavior. As well as providing
a functional classification scheme for stem cell maintenance,
this survey will emphasize the importance of stochasticity in
regulating adult stem cell fate decisions.
Strategies for Stem Cell Self-Renewal
To begin, it is instructive to consider the general strategies by
which a stem cell population can achieve long-term self-renewal.
This enterprise is simplified considerably by the stringent
constraints imposed by tissue homeostasis, wherein both the
cellular composition and organization remain stationary during
the course of turnover. To achieve long-term homeostasis in
cycling tissues, stem cells can adopt one of only two self-
renewal strategies: asymmetric cell division or population asym-
metry (Watt and Hogan, 2000). In the former, stem cell division
follows a strict pattern of invariant asymmetry in which each
and every cell division results in two daughter cells having
unequal fates: one cell remains in the stem cell compartment,
whereas the other commits to a differentiation pathway. In the
latter strategy, the balance between proliferation and differentia-
tion is achieved at the level of the stem cell population: some
stem cells may be lost through differentiation, whereas others
multiply. To achieve homeostasis, both outcomes must occur
with the same frequency so that the total stem cell number
remains, on average, constant. In this case, it is only the popula-
tion that persists, whereas the life span of any individual stem cell
is not defined.
Although self-renewal strategies based on population asym-
metry may seem to accommodate a high degree of complexity
and heterogeneity (Potten and Loeffler, 1990), the condition of
long-term homeostasis imposes further limiting constraints. In
particular, any proliferative advantage that one stem cell has
over another cannot persist long term. If it did, the progeny of852 Cell 145, June 10, 2011 ª2011 Elsevier Inc.such cells would clonally dominate, violating the condition of
homeostasis. Instead, adult stem cells must, over time, behave
as an equipotent population. Moreover, because there is no
long-term proliferative advantage or disadvantage, then the
fate outcome of an individual stem cell appears random (defined
by fixed probabilities), whereas the dynamics of the total popu-
lation unfolds in a predictable manner. Such behavior is charac-
teristic of a stochastic process (Bailey, 1964). Significantly,
population asymmetry results in stem cell behavior that—when
observed superficially—is reminiscent of the rigid hierarchy of
stem/progenitor cell systems supported by asymmetric cell
division. Stem cells that are stochastically lost can be wrongly
classified as short-lived progenitors.
Mechanisms of Stem Cell Regulation
In many cycling tissues, evidence has emerged that links stem
cell competence to their proximity to specialized domains. This
has led to the concept of the stem cell niche—‘‘specific anatomic
locations that regulate how stem cells participate in tissue gener-
ation, maintenance, and repair’’ (Scadden, 2006). The niche may
be stromal, relying on groups of nonepithelial cells to regulate
stem cells through short-range signaling, or it might be epithelial,
involving the contact of stem cells with a basement membrane
(Morrison and Spradling, 2008) or with neighboring epithelial
cells (Sato et al., 2010). Moreover, the niche may involve
restricted substructures where stem cells are able to cluster, or
it may be facultative, with stem cells distributed over a wide
region.
In recent years, considerable emphasis has been placed on
resolving extrinsic regulatory factors associated with the niche
(Voog and Jones, 2010). However, a focus based solely on
niche-directed regulation of stem cell fate struggles to accom-
modate the remarkable regenerative properties of stem cells
in vivo and in culture, without the surrounding niche architecture
(Rock et al., 2009; Sato et al., 2009). Instead, the relation
between stem cells and the niche is likely to be a symbiotic
one in which stem cells may be capable of both regulating and
regenerating the niche.
Although strategies of stem cell self-renewal can be arranged
into those that involve strictly asymmetric cell division (termed
single stem cell asymmetry) and those that do not (population
asymmetry), this classification does not constrain themechanism
of regulation. In particular,mechanisms leading to single stemcell
andpopulationasymmetrymayeach rely upon internal or external
(niche-dependent) regulatory processes (Morrison and Kimble,
2006). The spontaneous generation of cell polarity may, as in
the C. elegans zygote and in Drosophila neuroblasts (Doe and
Bowerman, 2001), promote the asymmetric segregation of cell-
fate determinants leading to division asymmetry. By contrast,
cell polarity and spindle orientation of dividing stem cells may
be established and directed by extrinsic cues (such as cell adhe-
sion molecules), so that only one daughter cell maintains contact
with the niche and thereby retains stem cell identity.
The maintenance of stem cell potential by extrinsic factors
does not exclude population asymmetric self-renewal. If division
leads to the chance displacement of both daughters from the
niche, both cells may follow a differentiation pathway.
Conversely, if both cells remain in contact with the niche, both
Figure 1. Strategies of Stem Cell Self-
Renewal
Any mechanism of stem cell self-renewal,
however complex, that leads to long-term
homeostasis can be classified into one of only
four possible classes of behavior discriminated
according to (1) whether fate asymmetry is ach-
ieved at the level of individual stem cells, and (2)
whether the balance between proliferation and
differentiation follows from internal (cell-autono-
mous) regulation or relies upon external environ-
mental cues. In (A), single stem cell self-renewal
involves the asymmetric segregation of fate
determinants leading one cell to follow a differ-
entiation pathway and the other to stay in the
stem cell compartment. In (B), the displacement
of one daughter cell from a niche-maintaining site
leads to its commitment to a differentiation
pathway, while the remaining daughter maintains
stem cell competence. In (C), the balance
between stochastic stem cell loss and proliferation relies upon cell-autonomous regulation. Finally, in (D), the chance displacement and loss of a stem cell from
the niche is perfectly compensated by the symmetrical division of a neighboring stem cell. Both classes of population asymmetry involve neutral drift dynamics
leading to characteristic signatures in long-term clone size distributions.may retain stem cell potential. However, to ensure homeostasis,
both symmetric fate outcomes—differentiation leading to loss
and proliferation leading to duplication —must occur with the
same frequency. As we will see below, such exquisite balance
can be ensured purely by anatomical constraints on the size
and range of the niche. In this context, the classification of
symmetric versus asymmetric stem cell fate may, in itself, be
misleading: the decision of a stem cell to proliferate or commit
to a differentiation pathway may not be directly linked to division
but may instead follow from proximity to a niche-supporting
domain. In this case, the question of the relative contribution of
symmetric and asymmetric fates in stem cell division becomes
a matter of semantics. Although extrinsic signals can control
population asymmetric self-renewal, they are not a prerequisite;
this mode of stem cell maintenance may derive from purely
internal or cell-autonomous regulation.
Combining the pattern of asymmetry (single stem cell versus
population) with themode of regulation (internal versus external),
the long-term maintenance of cycling tissues may be achieved
by stem cells conforming to one of only four possible behaviors
(Figure 1). Knowledge of this classification heavily constrains the
potential molecular mechanisms of tissue stem cell fate. As we
review how lineage-tracing studies across a range of tissue
types disclose the pattern of adult stem cell fate, we will empha-
size both the commonalities in self-renewal strategies and the
importance of stochasticity in stem cell regulation.
Model Tissues
The field of adult stem cell biology has been heavily influenced by
lessons learned from Drosophila. From studies of the develop-
ment of the central nervous system (CNS) (Egger et al., 2008)
and the maintenance of the germline (Fuller and Spradling,
2007), two paradigmatic regulatory mechanisms of stem cell
fate have emerged. Taken together, these two systems establish
a useful platform to develop a discussion of stem cell fate in
vertebrate tissues.
Drosophila Neuroblast
In Drosophila, the CNS develops from a bilateral sheet of neuro-
ectodermal cells, which are positioned on the ventral surface ofthe embryo (Figure 2). The central brain, including the olfactory
learning and memory centers, develops from the anterior region,
whereas the multiple components of the ventral nerve cord
(VNC) form from the posterior domain. The neurons and glia
that define all of the CNS domains are derived from neuroblasts,
the neural stem cells of the CNS. In early development, these
multipotent progenitors are specified from ectodermal epithelia
through a regulatory process that involves proneural genes,
Notch signaling, and lateral inhibition.
The formation of the VNC involves the delamination of neuro-
blasts from the ventral neuroectoderm. The neuroblasts then
transit through a sequence of asymmetric cell divisions, which
each give rise to an intermediate progenitor known as a ganglion
mother cell (GMC). GMCs undergo one further division to yield
two postmitotic cells that can adopt neuronal or glial fate. In neu-
roblasts, single stem cell asymmetry is thought to follow from an
intrinsic regulatory program (panel A in the classification of
Figure 1) in which the asymmetric segregation of localized
protein complexes and RNA direct only one of the daughter cells
to adopt a GMC fate, whereas the precise pattern of neuronal
and glial fate is directed by the sequential expression of tran-
scription factors.
Drosophila Germline
In Drosophila testis, germline stem cells (GSCs) reside in
a specialized niche, involving cyst stem cells (CySCs) and
somatic hub cells, which cluster to form a tightly packed domain
of 8–16 cells at the apical tip (Figure 3, left panel). In adult, 6–12
GSCs remain physically attached to the hub through E-Cad-
herin-mediated cell adhesion and are encased by a pair of
CySCs, which also maintain contact with the hub. The hub
creates a stem cell niche by secreting the ligand Unpaired, which
activates the Janus kinase-signal transducer and activator of
transcription (Jak-STAT) signaling pathway in adjacent cells to
promote stem cell identity (Kiger et al., 2001; Tulina andMatunis,
2001).
In the course of GSC division, the mitotic spindle becomes
oriented perpendicular to the hub-GSC interface, so that only
one daughter cell maintains contact with the hub (Yamashita
et al., 2007). The other daughter forms a gonialblast, whichCell 145, June 10, 2011 ª2011 Elsevier Inc. 853
Figure 2. Tissue Architecture and the Pattern of Stem Cell Fate in
Developing Nervous Tissue
In Drosophila, the central nervous system is derived from neuroblasts that
delaminate from the polarized epithelium. The generation of differentiating
ganglion mother cells from the neuroblast is driven by cortical polarity and
involves the asymmetric segregation of fate determinants.then undergoes a sequence of transit-amplifying (TA) cell
divisions with incomplete cytokinesis, leading to chains of
spermatogonia. These mature into spermatocytes, which
commit to meiosis and further differentiate into spermatids.
Throughout their development, gonialblasts, spermatogonia,
and spermatocytes remain encased by nondividing cyst cells,
which are generated through asymmetrical cell divisions of the
CySCs.
In Drosophila ovary, the organization of the stem cell region,
known as the germarium, is similar with 2–3 ovarian GSCs tightly
contacted to a domain consisting of 5–7 cap cells at the anterior
tip of each ovariole, the egg-producing unit of the ovary (Figure 3,
middle panel). As in testis, GSCs are encased by escort stem
cells, which also remain in contact with cap cells. Once again,
spindle orientation of GSCs perpendicular to the cap cells leads
to asymmetrical cell division in which the differentiating daughter
cell, the cystoblast, undergoes four rounds of transit amplifica-
tion to form an interconnected 16-cell cyst.
In both testis and ovary, the mechanism of spindle orientation
of GSCs has come under intense scrutiny, and details of the
regulatory machinery have emerged (Yamashita et al., 2010). In
testis, the mitotic spindle is oriented toward the hub by stereo-
typical centrosome movement during interphase that positions
the mother centrosome next to the hub displacing the daughter
centrosome (Yamashita et al., 2003). In ovary, the GSC spindle is
anchored to the spectrosome, a germline-specific organelle
(Deng and Lin, 1997). In both cases, it seems likely that the adhe-
rens junction at the GSC-hub/cap interface provides the polarity
cue. The active involvement of the hub and cap cells in orga-
nizing the axis of GSC division have established both male and
female Drosophila germline as paradigmatic of tissues sup-
ported by niche-directed single stem cell asymmetry (panel B
in the classification of Figure 1).854 Cell 145, June 10, 2011 ª2011 Elsevier Inc.Mammalian Spermatogenesis
In mammals, spermatogenesis occurs in seminiferous tubules,
where germ cells at various stages of differentiation reside in
multiple layers (Figure 3, right panel) (de Rooij and Russell,
2000). As in Drosophila, spermatogonia form a hierarchy
comprised of germline stem cells and their TA cell progeny
that proceed to terminal differentiation. The basal layer is the
most peripheral and hosts all stages of spermatogonia. As they
mature, spermatocytes (meiotic cells) relocate toward the lumen
as they transform into round, and then elongated, spermatids
(haploids). This process of differentiation occurs periodically in
accordance with the seminiferous epithelial cycle (around
8.6 days in mouse). The germ cells move through four layers until
the matured sperm are released into the lumen some 5 weeks
later. All the germ cells reside between large Sertoli cells, the
somatic cells that line the inner part of the seminiferous tubules.
Stem cell function is restricted to a small subpopulation of
spermatogonia, consisting of As (singly isolated cells), Apr (cysts
of interconnected cell pairs), and Aal (interconnected cells in
syncytial cysts of 4, 8, 16, and occasionally 32 cells). Together
this ‘‘undifferentiated’’ cell population constitutes less than 1%
of testicular cells. Although undifferentiated spermatogonia
have a tendency to aggregate near the vasculature (Yoshida
et al., 2007), in contrast to Drosophila, there is no evidence for
discrete niche-maintaining structures. As a result, the identifica-
tion of stem cells within this subpopulation has proved chal-
lenging. In particular, the question of whether stem cell potential
is restricted to the As population—the ‘‘As model’’—or resides
throughout the undifferentiated compartment had, until recently,
remained unresolved (de Rooij and Russell, 2000).
The combination of long-term lineage tracing alongside gene
expression profiling has begun to shed new light on both the
range of the stem cell compartment and the pattern of self-
renewal. In the first of these studies, an inducible Cre/loxP cell
lineage-tracing system was used to follow the fate of Ngn3-ex-
pressing spermatogonia (Nakagawa et al., 2007). Following the
transient expression of Cre, clonally marked cells are induced
throughout the undifferentiated cell compartment. After 1month,
clones derived from differentiating spermatogonia have moved
away from the seminiferous tubule, leaving behind cohesive
patches of labeled cells, each derived from a single stem cell.
From then on, single-cell derived clones show a continual loss
in number compensated by an expansion of surviving clones,
so that the overall labeled cell population remains constant,
a manifestation of homeostatic turnover. Following the behavior
of the clone population in a regeneration and transplantation
assay, it was proposed that Ngn3hi cells define a TA cell popula-
tion, normally committed to terminal differentiation but capable
of recovering stem cell potential following the occasional loss
of neighboring stem cells (a behavior reminiscent of a ‘‘potential
stem cell’’; Potten and Loeffler, 1990).
This conclusion was supported by a subsequent lineage-
tracing analysis based on expression of NANOS2, a member
of the evolutionarily conserved zinc-finger motif-containing
RNA-binding proteins (Sada et al., 2009). This study revealed
that cells positive for NANOS2 and negative for Ngn3 retained
stem cell potential, suggesting that long-lived clones derived
from Ngn3hi cells must arise from occasional ‘‘dedifferentiation’’
Figure 3. Tissue Architecture and the Pattern of Stem Cell Fate in Cycling Germline Tissues
In Drosophila testis, germline stem cells (GSCs) lie in close contact with somatic hub cells and are encased by two cyst progenitor stem cells (CySCs). Spindle
orientation through contact with the hub promotes the asymmetric cell division of GSCs (top left). As the daughters, known as gonialblasts (GBs) and encased by
two cyst cells (CyCs), move away from the hub, they undergo four more rounds of division before entering meiosis. In Drosophila ovary, GSCs lie in contact with
somatic cap cells, which are anchored to the terminal filament. Spindle orientation through contact with the cap promotes the asymmetric division of the GSCs
(top middle). The differentiating cystoblast (CB) daughters undergo a series of symmetric divisions as cells move away from the anterior tip. In mammalian testis,
spermatogonia lie in contact with the basement membrane of the semiferous tubules and form through a series of incomplete cell divisions. As the cells mature,
the spermatocytes relocate toward the lumen and transform into spermatids before being released as sperm. The process of germ cell maturation is facilitated by
large somatic (Sertoli) cells, which extend out radially throughout the seminiferous tubules. As spermatogonia are lost through differentiation, they are replenished
through fragmentation of neighboring syncytial cysts, leading to population asymmetric self-renewal (top right).of TA cells. However, a recent live-imaging study of genetically
labeled tissue offers a different perspective.
Alongside genes such as E-cadherin and PLZF, which are
uniformly expressed throughout the undifferentiated compart-
ment, at least two, Ngn3 and GFRa1, are heterogeneously ex-
pressed (Nakagawa et al., 2010). Whereas all of the cells within
an individual cyst show the same level of expression, the partic-
ular level of Ngn3 is variable with As and Apr cells most likely to be
low, and Aal-16 almost invariably high. GFRa1 expression also
shows a heterogeneous but reciprocal behavior, with As and
Apr cells most likely high. By themselves, these findings would
be consistent with a unidirectional hierarchy in which stem cell
potential is restricted to the NANOS2hi/GFRa1hi early undifferen-
tiated population, whereas Ngn3 is a marker of commitment to
differentiation. However, from short-term lineage tracing, it was
shown that the pattern of gene expression can change
reversibly, with cells that are GFRa1lo/Ngn3hi becoming
GFRa1hi/Ngn3lo. At the same time, by tracing labeled cells
in vivo over several days, it was shown that spermogonial cysts
have the capacity to fragment, allowing Aal cells to repopulate
the As and Apr compartments.
Together these studies suggest that stem cell potential is not
restricted to a discrete cell population characterized by a definedpattern of gene expression. Rather, the vast majority of cells
within the undifferentiated compartment harbor stem cell poten-
tial with GFRa1lo/Ngn3hi cells merely primed for but not irrevers-
ibly committed to differentiation. As early undifferentiated As and
Apr cells progress through the differentiation pathway, they are
replenished through on-going fragmentation of Aal cysts, allied
with reversion in the levels of GFRa1 and Ngn3. Over time, this
heterogeneous undifferentiated cell population forms an equipo-
tent stem cell pool.
Further evidence for this behavior is found in the quantitative
analysis of long-term lineage-tracing data (Klein et al., 2010b).
The ongoing loss of spermogonial cysts from the undifferenti-
ated compartment following commitmentmust be compensated
by fragmentation of neighboring cysts along the seminiferous
tubules. This continual loss and replacement is reflected in the
pulse-labeling study as ‘‘neutral drift’’ dynamics of clones. As
cells commit to terminal differentiation and others multiply,
some clones diminish in size or become lost while others
expand. Such behavior leaves behind a robust signature in
lineage-tracing data, leading to scale invariance of the size distri-
bution (Klein and Simons, 2011). While the average size of
surviving clones grows continuously, the chance of finding
a clone of a given multiple of the average size remains constant.Cell 145, June 10, 2011 ª2011 Elsevier Inc. 855
From the particular form of scaling, it was determined that tissue
maintenance involves population asymmetric self-renewal in
which frequent stem cell loss is compensated by the multiplica-
tion of neighboring cells along the seminiferous tubule (cf. panel
D in Figure 1).
On the surface, the mechanisms of stem cell maintenance in
Drosophila and mouse germlines would seem to be very
different. In the former, GSCs form a discrete population charac-
terized by distinct markers of gene expression and follow a strict
pattern of asymmetrical cell division regulated by a stromal
niche. In the latter, GSCs form a heterogeneous population
and conform to a pattern of population asymmetry influenced
by an epithelial niche. But to what extent are spindle orientation
and single stem cell asymmetry essential features of germline
maintenance in Drosophila? In ovary, lineage-tracing studies
show that, in normal homeostasis, GSCs are able to undergo
symmetrical cell division following the chance loss of a neighbor
(Xie and Spradling, 2000). Intriguingly, recent studies of
Drosophila testis have shown that the selective depletion of
stat in GSCs causes their detachment from the hub and the
randomization of spindle orientation (Leatherman and DiNardo,
2010). Yet, contact with CySCs is apparently sufficient to ensure
GSC self-renewal. In this configuration, it seems likely that the
fate of dividing GSCs is chosen stochastically, leading to popu-
lation asymmetric self-renewal. Further studies have shown that
the ectopic expression of the differentiation factor bag-of-
marbles (Bam) removes GSCs from the niche. However, the
withdrawal of ectopic Bam causes interconnected spermato-
gonia to fragment, exchange positions with resident somatic
stem cells, and establish contact with the hub regaining GSC
potential (Sheng et al., 2009). So, although the maintenance of
Drosophila testis is underpinned by single stem cell asymmetry,
the response of this tissue to stress reveals that aspects of the
regulatory machinery (cyst fragmentation, priming, and stochas-
ticity) may be shared with vertebrates.
Intestinal Epithelium
Although the basic anatomical features differ markedly, the stem
cells thatmaintain intestinal epithelium and germline inmammals
follow a surprisingly similar pattern of fate. The intestinal tract is
comprised of two anatomically and functionally distinct
segments—the small intestine and colon. These segments share
the same basic structure, with an outer layer of smooth muscle,
a central layer of connective tissue (stroma) harboring nerves
and lymphatic vessels, and an inner absorptive epithelial lining
(mucosa). The architecture of the epithelial lining differs consid-
erably between the small intestine and colon, reflecting their
distinct functions. To maximize the available surface area for
absorption, the lining of the small intestine has numerous
finger-like protrusions (villi) that project into the lumen and lie in
close association with invaginations called crypts of Lieberku¨hn.
In contrast, the surface of the colonic mucosa is essentially flat,
with multiple crypts that penetrate deep into the underlying
submucosa.
Although the cellular composition of the intestinal epithelium
varies between the colon and through the different anatomical
regions of the small intestine, all regions involve absorptive and
secretory cell types with columnar cells (enterocytes and colo-
nocytes), endocrine cells, Goblet cells, and Paneth cells being856 Cell 145, June 10, 2011 ª2011 Elsevier Inc.the most abundant (Wright, 2000). The lining of the intestinal
epithelium is columnar, involving only a single cell layer, and in
mouse is completely renewed every 5 days or so throughout
life. This high turnover rate is sustained by a population of
stem cells that reside at the crypt base (Figure 4A). These stem
cells give rise to TA cells, which expand rapidly through multiple
rounds of cell division as they move in migration streams along
the inner surface of the crypt. TA cells progressively differentiate
and, in small intestine, emerge onto the villus as mature, func-
tional epithelial cells. They continue migrating along this epithe-
lial conveyer belt until they reach the villus tip, where they die and
are shed into the lumen. By contrast, Paneth cells migrate
down toward the crypt base where they survive for around
6–8 weeks.
Although the tissue architecture and cellular composition were
established in early studies, the nature, location, and multiplicity
of the intestinal stem cell population have long been the subject
of debate. The existence of a self-renewing, multipotent stem
cell population in adult crypts was famously conjectured by
Cheng and Leblond (Cheng and Leblond, 1974) and formally
established by tracking genetic inheritance patterns introduced
at random into single crypt cells via somatic mutation (Winton
and Ponder, 1990; Bjerknes and Cheng, 2002). Lately, by devel-
oping a gene-specific inducible genetic labeling system, we
were able to unambiguously demonstrate the identity of these
stem cells by utilizing their expression of a leucine-rich G
protein-coupled receptor 5 (Lgr5) for a lineage-tracing strategy.
Lgr5 stem cells were thus shown to be capable of long-term
self-renewal and of generating all mature differentiated cell types
(Barker et al., 2007). Similar data were obtained using a CD133-
based lineage-tracing strategy (Zhu et al., 2009). The identifica-
tion of Lgr5 as a putative intestinal stem cell marker was further
supported by subsequent studies that showed that individual
Lgr5hi crypt-based progenitor cells had the remarkable capacity
to generate entire crypt and villus-like structures (organoids) in
culture (Sato et al., 2009). It had been postulated previously
that a cycling, yet DNA label-retaining cell at position +4 (directly
above the Paneth cells) represents the crypt stem cell (Potten
et al., 1974). Using the expression of Bmi1, a marker for these
cells, to drive Cre-recombinase expression, long-term lineage
tracing was observed with kinetics that are surprisingly similar
to those of Lgr5 cells (Sangiorgi and Capecchi, 2008). Because
sorted Lgr5hi cells express the highest levels of Bmi1 (Snippert
et al., 2009; van der Flier et al., 2009), Lgr5 and Bmi1 may
mark overlapping, if not identical, cell populations.
In both colon and small intestine, Lgr5 expression is largely
restricted to cells deep within the crypt base. In the small intes-
tine, these crypt-base progenitors form a network of small plate-
like cells that lie intercalated between much larger Paneth cells
(Figures 4A and 4B). But how do these crypt-base progenitors
maintain the balance between proliferation and differentiation?
Recently, this question has been addressed in two complemen-
tary lineage-tracing studies. In the first, an inducible genetic
labeling system was used to mark a representative population
of intestinal cells in adult mice (Lopez-Garcia et al., 2010).
Following the transient expansion and loss of TA cell-derived
clones, labeled clones become restricted to those rooted in
the intestinal stem cell population. From the width of the
Figure 4. Intestinal Crypt: A Paradigm for Population Asymmetric
Stem Cell Self-Renewal and Neutral Drift
(A) The epithelium of the small intestine is maintained by stem cells that lie
intercalated between large Paneth cells at the crypt base and generate all
epithelial lineages. As cells become detached from the crypt base, they
undergo several rounds of transit amplification before differentiating into
specialized cell types. Differentiated cells then move in migration streams
along the villi where they are shed into the lumen. As stem cells become
detached and differentiate they are replenished by the division of neighboringmigration streams on the villi, the clone size distribution in small
intestine could be determined over a 1 year time course. From
scaling behavior of the size distribution it was inferred that, as
in testis, the intestinal epithelium is maintained by an equipotent
stem cell population following a pattern of population asymmetry
in which stochastic stem cell loss is compensated by the
duplication of a neighbor (cf. panel D in Figure 1). As a result,
labeled clones undergo neutral drift in which the contraction of
a clone is compensated by the expansion of a neighbor, until
all labeled cells are lost or the crypt becomes entirely labeled
and thus monoclonal. In a parallel study, a Cre-inducible
multicolor genetic labeling system was developed to mark indi-
vidual Lgr5hi stem cells (Figures 4B–4D) (Snippert et al.,
2010b). By resolving clonal evolution at the level of individual
Lgr5hi stem cells, this study was able to confirm population
asymmetry as the mode of self-renewal and establish that the
stem cell replacement rate is comparable to the division rate,
showing that stem cell loss is central to normal tissue mainte-
nance.
Recently, further insight into the mechanism of intestinal stem
cell regulation has been provided by a combination of in vivo and
in vitro assays (Sato et al., 2010). These studies reveal a close
association of Lgr5 stem cells with Paneth cells, suggesting
that the latter may function as niche-supporting cells. Paneth
cells, defined by their expression of CD24 and lysozyme,
express EGF, TGF-a, Wnt3, and the Notch ligand Dll4, all essen-
tial signals for stem cell maintenance in culture. When a single
Lgr5 stem cell is cocultured with a single Paneth cell, the orga-
noid formation efficiency is dramatically enhanced. Likewise,
when Paneth cells are genetically ablated, Lgr5 stem cells are
lost in vivo. Taken together, these findings suggest that,
following symmetrical division, Lgr5hi cells undergo neutral
competition for contact with Paneth cell surface. Once
detached, cells lose access to short-range signals that maintain
stem cell competence (e.g., Notch and Wnt) and progressively
differentiate. It remains an intriguing and open question as to
what factors restrict the size of the Paneth cell compartment.cells at the crypt base leading to population asymmetric self-renewal (inset).
The development of an inducible multicolor lineage-tracing system provides
a vivid illustration of neutral drift dynamics, the hallmark of population asym-
metric self-renewal.
(B) Intestinal stem cells, marked by Lgr5 expression (green), reside throughout
the crypt base and lie intercalated between Paneth cells. The top left panel
shows a single labeled stem cell (yellow) 1 day post-induction. As stem cells
become detached from the base and differentiate, they are replenished
through division of neighbors, leading to neutral drift dynamics of the surviving
clones (right panels). The bottom left panel shows the resulting expansion of
a single-cell-derived clone at the crypt base at 2 weeks post-labeling.
(C) In the Rosa-confetti mouse (Snippert et al., 2010b), induction leads to the
genetic labeling of a four-color mosaic of Lgr5hi stem cells at the crypt base,
shown here at 2 weeks post-induction (top left panel). As tissue turns over,
neutral drift dynamics leads to a coarsening of the labeled domains (right
panel) resulting in the progression to ‘‘monoclonality’’ of the crypt, shown here
at 8 weeks post-induction (bottom left panel).
(D) A section through tissue at 4 months post-induction shows the migration
streams of differentiated cells from predominantly monoclonal crypts onto the
villi. Note that each villus is supported by migration streams from multiple
crypts. The features of neutral drift and coarsening of multicolor mosaics seen
in the intestinal crypt exemplify the predicted behavior of cycling tissues
supported by population asymmetric stem cell self-renewal.
(C) is adapted from Snippert et al. (2010b).
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Figure 5. Tissue Architecture and the Pattern of Stem Cell Fate in Cycling Epithelial Tissues
Drosophila posterior midgut is maintained by the turnover of intestinal stem cells (ISCs), which remain anchored to the basement membrane. It is believed that,
through a pattern of single stem cell asymmetry, ISCs give rise to precursors known as enteroblasts (EBs) (top left), which transform without division into an
enterocyte (EC) or an enteroendocrine (EE) cell. Inmammals, the interfollicular epidermis is a stratified tissue that forms the outermost layer of skin. All cell division
takes place on the basal layer. As cells commit to terminal differentiation, they detach from the basement membrane and rise up through the suprabasal layers
where they are shed. Lineage-tracing studies suggest that a single progenitor cell population maintains tissue through a pattern of balanced stochastic fate (top
middle). The hair follicle undergoes periodic bouts of regression and regeneration known as the hair cycle. This process is maintained by stem cells, which reside
in the bulge. Upon activation, stem cell progeny exit the bulge and proliferate downward to form the outer root sheath and the matrix, which envelope the dermal
papilla at the hair follicle base. Transit amplification of matrix cells leads to the differentiated cells that form the hair shaft and the inner root sheath. Following
lineage-tracing studies, it has been conjectured that bulge stem cells undergo population asymmetric self-renewal (top right).Drosophila Posterior Midgut
The posterior midgut in Drosophila provides another arena in
which the regenerative properties of adult stem cells can be
studied. Posterior midgut contains just two differentiated cell
types: absorptive enterocytes (EC) and secretory enteroendo-
crine (EE) cells (Figure 5, right panel). In homeostasis, mature
differentiated cells are constantly lost and replaced by new cells
generated from intestinal stem cells (ISCs). These proliferative
cells lie in contact with the basement membrane and the visceral
musculature surrounding the midgut. By combining lineage-
tracing studies with genetic markers, it has been proposed that
ISCs follow a pattern of single stem cell asymmetry (Micchelli
and Perrimon, 2006; Ohlstein and Spradling, 2006). The imma-
ture daughter cell, termed an enteroblast (EB), is believed to
undergo direct differentiation into an EC or EE type cell with
a relative frequency of 90% and 10%, respectively.
As well as their morphological differences, separate cell types
within the gut have been discriminated by their expression of
specific genetic markers. Whereas both ISCs and EB cells are
positive for escargot (esg), ISCs express Delta (Dl), a ligand for
the Notch receptor signal transduction pathway, and EBs
express the transcriptional reporter of the Notch pathway,
Su(H)GBE-lacZ. Moreover, whereas both the ISCs and EBs are
diploid, with a small nucleus, ECs are polyploid with a large
nucleus and express the transcriptional factor Pdm1. By858 Cell 145, June 10, 2011 ª2011 Elsevier Inc.contrast, EE cells are diploid, have a small nucleus, and express
the transcription factor Prospero.
Following this framework, subsequent studies have focused
on the elucidation of the signaling pathways that control mitotic
behavior of ISCs and influence the fate choice of EBs in normal
homeostasis as well as on injury, infection, or aging (Hou,
2010). However, there are several aspects of the experimental
phenomenology that sit uncomfortably with the accepted para-
digm. First, there is no direct evidence for asymmetric ISC divi-
sion. Dl, a candidate fate determinant molecule, does not segre-
gate asymmetrically. Moreover, in spite of a slight tilt of the ISC
division plane with respect to the basal membrane, there is no
indication of a causal relationship with the fate of the daughter
cells.
Second, although the ISC marker Dl is thought to be rapidly
downregulated in the EB daughter following cell division,
lineage-tracing studies show that single-cell-derived clones
can contain more than one Dlhi cell, indicative of symmetric
cell division. Finally, lineage-tracing studies of adult tissue
show evidence of seemingly unlimited clonal expansion.
Because the ISC population constitutes some 18% of the total
cell population, each cell should support a ‘‘clonal unit’’ of ca.
5–6 cells. By contrast, the literature reports clones in wild-type
flies reaching an average size of 10–20 cells at 2 weeks post-
labeling (Ohlstein and Spradling, 2006). Moreover, the number
of surviving clones shows a rapid and continuing loss following
induction. Together, these findings suggest that ISC loss and
replacement play a significant role in tissue maintenance.
Thus, it seems likely that ISCs follow a pattern of population
asymmetric self-renewal.
Mammalian Epidermis
Mammalian epidermis is organized into hair follicles and seba-
ceous glands sitting below the interfollicular epidermis (IFE),
which consists of layers of keratinocytes (Blanpain and Fuchs,
2009). In adult, cells are continually shed from the surface of
the IFE and replaced through proliferation in the basal cell layer.
On commitment to terminal differentiation, basal cells exit the
cell cycle, detach from the basement membrane, and migrate
into the suprabasal layers, eventually reaching the epidermal
surface where they are shed (Figure 5, middle panel).
Until recently, it was believed that mammalian IFE was both
maintained and regenerated by long-lived slowly cycling stem
cells that, through a process of asymmetric cell division,
generate a short-lived population of TA cells that terminally
differentiate after a limited number of cell divisions (Mackenzie,
1970; Potten and Booth, 2002). However, this stem/TA cell para-
digm was challenged by a long-term lineage-tracing study
performed in mouse. By designing an inducible Cre/loxP
lineage-tracing system, the clonal evolution of mouse IFE was
studied over a 1 year time course at single-cell resolution
(Clayton et al., 2007).
According to the stem/TA cell model, genetic marking of a TA
cell would lead to a limited expansion of the resulting clone,
followed by its detachment from the basal layer and eventual
loss. Conversely, induction of a stem cell would lead to its
progressive expansion and saturation at the typical size of its
clonal unit (termed an ‘‘epidermal proliferative unit’’; Mackenzie,
1970), comprised of its TA and differentiated cell progeny.
However, the lineage-tracing data reveal a continual loss of
clones compensated by a progressive expansion in the size of
neighboring clones, with the overall number of labeled cells re-
maining approximately constant (Clayton et al., 2007; Doupe
et al., 2010). As with germline, such behavior is consistent with
IFE-maintaining cells following a pattern of population asym-
metric self-renewal.
From the detailed study of the surviving clone size distribution,
it was concluded that murine IFE is maintained by a single, equi-
potent, progenitor cell population, following a pattern of
balanced stochastic fate in which cell division can lead to all
three possible fate outcomes: two dividing cells, two nondividing
cells, and one dividing and one nondividing cell. As a result, in
common with germline and intestinal stem cells, clones undergo
neutral drift in which tissue is maintained through the continual
expansion in average clone size of an ever-diminishing clone
number. However, in this case, the balance between prolifera-
tion and differentiation appears to follow from intrinsic (cell-
autonomous) regulation (panel C in Figure 1).
Although the observation of balanced stochastic cell fate is
intriguing, it raises several key questions: If cell-fate choice
involves cell-autonomous regulation, how can tissue repair
following injury?Moreover, can the behavior of murine epidermis
provide insight into the maintenance of human IFE where there is
evidence from culture studies for proliferative heterogeneity(Barrandon and Green, 1987; Jones et al., 1995)? One possibility
is that tissue harbors a second near-quiescent stem cell popula-
tion that becomes active only on injury. Indeed, inmouse, there is
evidence from genetic labeling studies and molecular markers
for such a distinct stem-like population in the upper hair follicle
(Jensen et al., 2009; Snippert et al., 2010a).
So far, we have concentrated on cycling adult tissues in which
turnover occurs continuously. Hair follicles (HFs) are skin
appendages, which undergo cycles of growth and regression.
They are cylindrical in structure with concentric layers of cells
surrounding the centrally located hair shaft (Figure 5, right panel).
The HF is made of an upper permanent region (bulge) and
a temporary region (bulb). Around 3 weeks after birth, mouse
HFs initiate the first hair cycle, which consists of three morpho-
logically distinct stages: quiescence (telogen), growth (anagen),
and apoptotic regression (catagen) (Alonso and Fuchs, 2006).
Cycling persists throughout the lifetime of the animal. Early
label-retaining studies identified a population of slowly cycling
cells in the bulge (Cotsarelis et al., 1990), which were later shown
to self-renew long-term and to contribute to all epithelial lineages
(HF, sebaceous glands, and IFE) in transplantation or on injury
(Blanpain et al., 2004;Morris et al., 2004; Levy et al., 2005). These
bulge stem cells (SCs), which express CD34 cell-surface marker
and cytokeratin 15, become activated at the start of anagen by
the dermal papilla (DP), a cluster of mesenchymal cells. Upon
activation, SC progeny exit the bulge and proliferate downward,
creating a trail of cells that comprise the outer root sheath (ORS)
(Ito et al., 2005). In mature HFs, the ORS extends from the bulge
to include a domain ofmatrix cells that envelope the DP at the HF
base. Matrix cells undergo rapid transit amplification before
differentiating upward to generate the hair shaft and its channel,
the inner root sheath.
Although the long-term self-renewal potential of bulge SC is
confirmed by lineage-tracing studies (Tumbar et al., 2004), the
range and potential heterogeneity of the SC compartment, the
pattern of self-renewal, and the role of the niche in regulating
SC behavior have remained in question. In a recent study, Tum-
bar and colleagues applied single-cell lineage tracing using
a keratin 14 promoter-driven Cre-ER transgene. In addition,
they generated proliferation history data based on dilution of
a Histone2B-GFP label (Zhang et al., 2009). Their results show
that bulge SCs divide infrequently and enter quiescence during
telogen, when some cells migrate out of their niche to proliferate
and differentiate in the matrix and eventually die. The remaining
bulge stem cells subsequently (in anagen) undergo self-renew-
ing divisions within the niche (bulge), which are symmetric with
respect to localization of daughter cells near the basement
membrane, an important niche component. The assignment of
SC or TA fate to the bulge cells during telogen is likely to depend
upon the distance of individual SCs from the DP signaling center,
leading to neutral competition and drift of the clonal composition
(panel D in the classification of Figure 1). Further studies have
shown that, as with germline, SC differentiation occurs progres-
sively (Hsu et al., 2011). Of the ORS cells that survive the wave of
apoptosis following anagen, those positioned closest to the
bulge have the capacity to return to the bulge and provide the
primary SCs for the next hair cycle, whereas ORS cells further
en route become the activated SCs of the hair germ (a smallCell 145, June 10, 2011 ª2011 Elsevier Inc. 859
cluster of cells that directly abuts the DP in telogen). Rapidly
dividing ORS cells near the matrix return to the bulge but do
not recover their expression of CD34 and appear to function as
niche-maintaining cells of the inner layers of the bulge.
Concluding Remarks and Open Questions
Efforts to address the factors controlling the balance between
proliferation and differentiation in adult tissues have placed
emphasis on mechanisms promoting asymmetrical division of
individual stem cells, leading to stem cell longevity and clonal
persistence. In recent years, the development of inducible
genetic labeling systems has allowed such preconceptions to
be challenged. These studies have revealed that, inmany cycling
tissues, stem cells follow an active and stochastic pattern of
behavior in which frequent stem cell loss is compensated by
proliferation of neighbors leading to progressive expansion of
some clones and extinction of others—neutral drift (Figure 4).
As well as questioning the potential reliability of label-retaining
stem cell assays, these findings raise important questions con-
cerning the underlying mechanisms of stem cell regulation as
well as the factors leading to dysregulation in disease, cancer,
and aging.
In our limited survey, we have encountered evidence of popu-
lation asymmetric self-renewal reliant on both external (e.g.,
intestinal crypt) and internal (e.g., interfollicular epidermis) regu-
lation. In the former, competition for access to restricted niche-
supporting sites, combined with short-range signaling, may be
sufficient to ensure equipotency of the stem cell population. In
the latter, the molecular mechanisms leading to balanced
stochastic fate remain unclear. In mammalian spermatogenesis,
evidence suggests that stochasticity of stem cell fate may follow
from heterogeneity of gene expression in which cells move
reversibly between states primed for either self-renewal or differ-
entiation (cf. Enver et al., 1998). In such cases, the gene expres-
sion profile of a cell may provide only limited insight into its
phenotype.
The manifestation of population asymmetric stem cell self-
renewal in cycling tissues also raises the question of how such
stem cell populations respond tomutation. If a stem cell acquires
amutation that raises its susceptibility to subsequent deleterious
mutations, but confers no proliferative advantage over neigh-
boring stem cells, its clonal progeny will, most likely, be lost
through the process of neutral drift. However, this apparent
advantage is only superficial as the clones that, by chance,
expand in size and escape extinction experience a proportion-
ately greater risk of acquiring further mutation. Thus, in a field
in which many stem cells acquire such a mutation, the net level
of risk is conserved but concentrated in the diminishing popula-
tion of surviving clones. By contrast, mutations that diminish the
fitness of a stem cell will lead to the rapid purging of that cell from
the population. For example, Ascl2 mutant crypt stem cells are
cleared within 1–2 weeks following the induced deletion of the
Ascl2 gene (van der Flier et al., 2009). Conversely, if a mutation
increases the fitness of a stem cell, for example through the acti-
vation of an oncogenic pathway, it may rapidly replace all neigh-
boring stem cells from their niche. It is likely that this process of
field cancerization (Slaughter et al., 1953), which leads to the
formation of a clonal field of premalignant tissue, provides the860 Cell 145, June 10, 2011 ª2011 Elsevier Inc.platform from which many cancers arise. For example, in
epidermis, p53 mutant cells induced by UVB exposure show
a small increase in their resistance to apoptosis, leading to
a biased drift and rapid expansion of themutant clone population
(Klein et al., 2010a). In Paroxysmal Nocturnal Hematuria, a bone
marrow stem cell sustains a mutation in the PigA gene, which
encodes an enzyme essential for synthesis of GPI anchors of
a subset of cell-surface molecules. The mutant clone is less
susceptible to immune attack and can gradually take over the
entire hematopoietic system, such that the PigA mutation is
seen in all lineages of blood cells (Takeda et al., 1993). Similarly,
in chronic myeloid leukemia, the oncogenic Bcr-Abl transloca-
tion is also believed to occur in the hematopoietic stem cell.
Again, the mutant stem cell clone overwhelms the entire bone
marrow and the Bcr-Abl translocation occurs in all blood cell
lineages (Fialkow et al., 1977).
Why should mechanisms of tissue maintenance so often lean
toward population asymmetric self-renewal? Niche-directed
asymmetrical cell division has long been recognized to provide
a fragile platform for long-term tissue maintenance. Without an
additional response to tissue damage, the chance displacement
of a stem cell from the niche would result in diminution of stem
cell number with attendant long-term consequences. By
contrast, in systems supported by population asymmetric self-
renewal, niche-based mechanisms of control are robust, allow-
ing stem cells to effect repair and restore homeostasis without
the need for plasticity. Whether adult stem cells in other rapidly
cycling tissues such as blood or the olfactory system conform
to similar patterns of stochastic fate remains an important
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